Abstract The sandwich composites fuselages appear to be a promising choice for the future aircrafts because of their structural efficiency and functional integration advantages. However, the design of sandwich composites is more complex than other structures because of many involved variables. In this paper, the fuselage is designed as a sandwich composites cylinder, and its structural optimization using the finite element method (FEM) is outlined to obtain the minimum weight. The constraints include structural stability and the composites failure criteria. In order to get a verification baseline for the FEM analysis, the stability of sandwich structures is studied and the optimal design is performed based on the analytical formulae. Then, the predicted buckling loads and the optimization results obtained from a FEM model are compared with that from the analytical formulas, and a good agreement is achieved. A detailed parametric optimal design for the sandwich composites cylinder is conducted. The optimization method used here includes two steps: the minimization of the layer thickness followed by tailoring of the fiber orientation. The factors comprise layer number, fiber orientation, core thickness, frame dimension and spacing. Results show that the two-step optimization is an effective method for the sandwich composites and the foam sandwich cylinder with core thickness of 5 mm and frame pitch of 0.5 m exhibits the minimum weight.
Analytical Formulae and Optimization

Theoretical Formulation
In this study, the sandwich composites structure is assumed to exhibit a linear stress-strain relationship. Once the applied load is removed, the structure will return to its original position. However, if the loads exceed their threshold, the structure may become unstable. In this case, the structure continues to deflect without increasing of the magnitude of the applied loads, because the structure has actually buckled. Hence, the term "instability" is also called "buckling". In the following section, the theoretical buckling prediction of the sandwich cylinders under different loading cases and the interaction for combined loads will be discussed.
Facesheet Wrinkling
Facesheet wrinkling is usually viewed as a local, short wavelength buckling phenomenon. The facesheet can deform symmetrically or anti-symmetrically. Most of theoretical analyses for the facesheet wrinkling are based on the mathematical model of uniaxially loaded flat sandwich strut. For sandwich structures under combined loads, the procedure of the prediction for the onset of wrinkling is to calculate the maximum principle compressive stress of the facesheet. Lopatin and Morozov [11] present the solution of symmetrical face sheet wrinkling for sandwich panels with composite facings and an orthotropic core. The common expression of theoretical wrinkling stresses for sandwich struts with thick cores is given by:
where k varies from 0 to 1 according to different theories and boundary conditions. Ley [12] gave a comprehensive summary for different mathematical models. Here the k is 0.5.
Bending
Bending buckling is triggered by the compressive component of bending moment. For the cylinder, the interaction between shear crimping and compressive buckling has been taken into account. Stein and Mayers [13] developed the following equations for the critical buckling stress under compression:
Flexural stiffness:
Transverse shear stiffness:
Curvature parameters:
Compressive load coefficients:
Knockdown factor:
Critical compressive stress resultant:
Bending moment:
where η b is the knockdown factor for initial imperfections.
Torsion
March and Kuenzi [14] developed an energy method to determine the shear buckling stress under torsion. The small-deflection theory is used to find the solution of the energy equilibrium equation. For a sandwich cylinder with significantly thin skins, the critical shear stress can be evaluated by the following formula:
For isotropic facings and cores, K f can be given by
in which
here values of x can be established for the minimization of K f . If the cylinder is very long, the value of ρ approaches to zero, and the above equation can be simplified. And the torsion moment can be given by:
Shear
In the case of isotropic cylinders, the lower-bound value for transverse shear load τ crs is 1.25 times of the critical torsion stress. Thereby, for a cylinder loaded with a transverse shear force the critical value can be computed by the following formula:
where, K f is the same as that for torsion.
Buckling Interaction
The interaction criterion among bending, torsion and transverse shear can be expressed by
The buckling will occur when R c >=1
Dimensioning Procedure of Sandwich Composites
A program for dimensioning sandwich composites is carried out by the software Matlab. In the program, the core and skin thickness are varied to obtain the minimum total weight of the sandwich composites. The sizing procedures of sandwich cylinders are shown as in Fig. 1 .
FEM Analysis
A cylinder model with length of 10 m and radius of 2 m is built to model the fuselage. The QUAD4 and HEX8 element are chosen to model the skin and core, respectively. Both the inner and outer skins consist of 500 QUAD4 elements and the core consists of 500 HEX8 elements. Since this study is not aimed at investigating the bonding strength between core and skins, it is assumed that the adhesive agent is sufficiently strong to prevent the delamination between core and skins. The core shares nodes with the two skins. The multipoint connector RBE3 is used to equally distribute the bending and torsion moments to the nodes around the circular end.
FEM Approach for Linear Buckling
In the finite element analysis, the overall structural stiffness is represented by: 
where {u} is the displacement vector. In order to achieve the static equilibrium of the structure, the potential energy has a stationary value. Therefore, the relationship can be formulated by:
where U i is the displacement of the i-th degree of freedom. The equation can then be rewritten as (detailed derivation can be referred to [15] )
where || stands for the determination of the matrix, and the number of eigenvalue l i is equal to the number of degree of freedom of the FEM model. The buckling load can be obtained by the equation:
where P a is the applied loads. In general, the lowest eigenvalue gains most interests, because it leads to the critical load and the structure fails before reaching higher buckling loads. For certain load cases, the absolute value of the lowest eigenvalue should be larger than 1 to prevent buckling.
Material Failure Criteria Applied in the Nastran
In Nastran, the layer thickness, fiber orientation and stack sequence can be defined in the PCOMP entry. The stress, strain, failure index (including a bonding failure index) can be obtained. The Tsai-Wu failure criterion is here used to evaluate the composites failure.
where, X and Y is the tensile/compressive strength in 1-and 2-directions, respectively. S is the shear strength. Subscripts t and c stand for the tension and compression respectively. F 12 should be determined experimentally unless it is provided. σ is the actual stress. In order to avoid the composites failure, the absolute value of left-hand side of Eq. 33 should be less than 1.
Verification of FEM Model
In this section, the buckling loads obtained by analytical formulation and the FEM are compared to each other under the loading cases including axial compression, bending, shear and torsion. Subsequently, the optimization results of the FEM are compared to the results obtained by procedure in Section 2.6. In the FEM analysis, the material properties are exactly the same as in the analytical method and the face materials are quasi-isotropic. The material properties and load cases can be found in Appendix A.
Comparison of Buckling Loads
The length and radius of the cylinder are supposed to be 10 m and 2 m respectively, and the face and core thickness are 1 mm and 30 mm, respectively. In the FEM, the mesh density is 25 by 20 and the boundary condition is simply supported. The results are shown in Table 1 . It can be seen that for the bending and torsion loads, the buckling loads determined by the FEM show a reasonable agreement with those obtained from the analytical models. However, for the transverse shear force, a large difference can be observed.
Comparison of Sizing Results for the Sandwich Cylinder
The optimization of sandwich composites cylinders with FEM can be expressed as:
Minimize:
M ðxÞ ð 34Þ
Subject to:
The objective function is the mass of the cylinder, and the constraints are the materials strength, local and global buckling. The variables are the skin thickness t f . The core thickness t c increases from 5 mm to 30 mm by 5 mm interval.
In Fig. 2 , the resulting t f and weight are both displayed as t c increases. It is revealed that the total sandwich structural weight is minimum when t c =15 mm. As t c increases, t f decreases with a nearly linear trend. The optimization results obtained by FEM and by analytical method show a good agreement. However, the current analytical and FEM optimization have such limitations: 1, the laminates are here assumed to be isotropic and thus the composite layup should be limited to obtain the quasi-isotropic property. 2, the buckling stability under internal pressure is not considered due to lack of proofing equations. 3, the criterion for the stability of the sandwich structure does not take the cylinder length into account. Therefore, the FE model need to be further developed to obtain a more accurate optimization model. In the following section, a more advanced model is built.
Parametric Optimization of Sandwich Cylinder
In this FEM analysis, both the fiber orientation and layer number will be taken as variables. Meanwhile, the internal pressure loads will be added. There are two steps: First, the fiber orientation is frozen and the layer thickness is optimized. The objective is the minimum total structural weight. The minimum laminates thickness (the layers number) can be determined by the first step. Secondly, the laminates thickness is frozen and the fiber orientation is optimized to attain a maximum buckling load. The FE model is shown in Fig. 3 . In this model, the Tsai-Wu criterion is used to predict the composites failure. Because the materials in Appendix A do not supply the bonding shear stress limit F 12 , another carbon/epoxy materials is here applied and its property is shown in Appendix B.
Step 1: Determine the Minimum Layers Number
At the beginning, the sandwich structure with t c 20 mm is set as a baseline, and the initial layup is [0/30/45/60/90] s . As mentioned earlier, the laminate orientation is not changed but Fig. 2 Comparison of the optimization results between FEM and analytical method Fig. 3 The load cases and boundary condition of the FEM model the layer thickness is varied to satisfy the constraints of structural buckling and composites materials failure. In the initial design, the maximum failure index is 2.03 (Fig. 4) and the buckling eigenvalue is −0.22. To prevent the buckling of the structure, the absolute value of the buckling eigenvalue should be larger than 1 and the failure index is less than 1. Therefore the maximum failure index decreases to be 0.506 (Fig. 5) and the buckling eigenvalue is −1.02. After optimization for layer thickness, the initial layer number per skin is 10 and the final layer number is 34.
Meanwhile, by comparison of the failure index of the Figs. 4 and 5, It is found find that the failure fringe is skew at the fixed end of the cylinder in Fig. 4 , and the fringe is straighter in Fig. 5 . This maybe is caused by the effect of the torsion moment as the material strain reduces when the thickness increase. It can also be found that the stress is not evenly distributed around the cylinder cross-section. The crown section undergoes the largest tension strain and its failure index is the largest. The side panel mainly endures the shear strain and its failure index is the lowest.
Step 2: Determination of the Optimum Fiber Orientation
As known from the first step, each skin consists of at least 34 layers in order to satisfy the buckling and composites failure criteria. In this section, the 34 layered laminate is built in the Patran. The layer orientations are chosen as the variables. The possible values of the orientations are [0, ±30, ±45, ±60, 90]. Because the laminate is symmetric, only 17 variables are studied.
From Fig. 6 , it can be shown that 0°layup is the most effective for improving the buckling load, because bending moment is the preceding load compared with torsion moment. Under the bending moment, the sandwich cylinder mainly endures axial compression. And the elastic modulus of the 0°layup is the largest in axial direction. However, it should be noted that as the number of the 0°layup increases, the failure index rises. The increase of layup in the longitudinal direction enhances the stability of sandwich composites cylinder (Fig. 7) . In Section 4.3, it can be found that too many plies are needed to achieve the requirement of the stability and the materials safety. It seems not a weight-efficient choice (the weight is 2294 Kg). In order to reduce the laminates thickness, C frames are added to the sandwich cylinder shell, and whether the addition of frames decreases the weight will be discussed in this section.
The initial composites layup for both skins is here [0/30/45/60/90] s . The optimization variables and their ranges are:
Frame height H and width W <20 mm, 100 mm> Frame thickness t and t 1 <0.5 mm, 10 mm> Fiber orientation< −90, 90> Figure 8 shows the buckling eigenvalue and the total weight history. It can be seen that the eigenvalue decreases from approximately −0.35 to −1.0, and the total weight increases from about 1150 to 1350. Because only the frame sizes affect the total weight, the frame size history will be analyzed together with Fig. 9 . From the initial design to the first design cycle, the weight decreases because the frame thickness t and t 1 become lower. And the buckling eigenvalue decreases because of the frame width W increases. Figure 10 shows the deformation and the fringe of maximum failure index for composites. Because the frame spacing is 2 m and the cylinder length is 10 m, there are five cyclic fringe areas along the axial direction. At the frame location, the maximum index is lower. In addition, the maximum failure index is largest at the top part of the cylinder. At this area, the maximum tensile stress exhibits. It is the same as the phenomenon in Fig. 4 .
As shown in Fig. 11 , the fiber orientation history is different with the trend in Fig. 6 , the 0°in not dominant at the final design any more. After the addition of the frame, the global buckling is probably not the critical constraint for the fiber orientation. The fiber orientation needs to be optimized to guarantee the safety of the composites. From Figs. 8 and 10 , it is also found that the absolute value of the bucking eigenvalue is 1 and the maximum failure index is 0.94 (also close to 1) at the final design. For the sandwich structure applied in aerospace, the core materials mainly include the foam and honeycomb. They both have a relatively high transverse bending stiffness. Therefore, four kinds of honeycomb and two kinds of foam are studied for the optimum design of the sandwich composites cylinder. Their mechanical properties are listed in Appendix C. The honeycomb core is also modeled as the HEX8 element and the materials are 3D orthotropic. After the optimization for core materials, the results are shown in Table 2 . Here the maximum value of constraint denotes the extent to satisfy the constraint, when it becomes smaller the constraint requirement is better fitted. It can be seen that the sandwich structure with Rohacell 200 WF foam results in the lowest weight. And the one with Glassfiber Honeycomb core exhibits the largest weight. In addition, the fiber orientations of 30°, 45°a nd 60°are not efficient to improve the structural stability compared with 0°and 90°under the load cases. Meanwhile, the frame thickness t is less efficient compared to the thickness t 1 (the denotation of t and t 1 can be referred to Fig. 7 ). Frame Size/m Design cycle t W H t1 Fig. 9 The frame size history Fig. 10 The maximum failure index and deformation at the final design By comparison between Figs. 12 and 13, It can be found that the honeycomb core mainly endures the compressive stress under bending deformation, while the foam core mainly undergoes compressive stress at the top and bottom and tensile stress at the side part. Moreover, the stress of the honeycomb cylinder in the radial direction is even distributed while the foam core behaves largest tensile stress at the center of the frame spacing.
ANOVA Optimization Design Towards Frame Pitch and Core
Because the core and the frame are modeled as solid and beam elements, respectively, it is difficulty to set the frame pitch (f r ) and core thickness as variables in this model. The two variables are optimized by an orthogonal design. Each of them has three levels and the L9 orthogonal array is chosen for the analyses of the parameters on the final weight. As the Rohacell 200 WF is most efficient, it is adopted as the core materials in this section. The optimization results are shown in Table 3 .
An ANOVA (Analysis Of Variance) analysis is conducted for better understanding of the influence of the two factors on the final weight. The following conclusions can be obtained based on the results of the ANOVA analysis (Table 4) . Design cycle ply1 ply2 ply3 ply4 ply5 Fig. 11 The fiber orientation history Note: the term "max_constraint" denotes the extent in which a particular constraint is satisfied. A value of 0 corresponds to a reserve factor of 1 a, The core thickness gives a larger influence on the final weight than the frame pitch. b, The final optimum weight increases with increasing the core thickness. c, The sample with t c =5 mm and f r =0.5 has the minimum weight.
Conclusion
In this paper, firstly an analytical criterion for face wrinkling and structural buckling under different loading cases and their combination is introduced. An optimization for sandwich cylinders is conducted based on the analytical formulae. Second, the FEM is used to Fig. 12 The distribution of stress in radial direction at the honeycomb core Fig. 13 The distribution of stress in radial direction at the foam core optimize the same sandwich cylinder. The FEM-based optimization results are compared with the analytical results and show a good agreement. Third, the FEM model is used to study the influence of the layer number and fiber orientation on the structural efficiency. The optimization is divided into two steps: the fiber orientation is fixed, while the optimum layer number is determined to achieve the minimum weight; then the thickness is fixed and the fiber orientations are optimized to obtain the maximum buckling load. Fourth, C frames are added to the sandwich cylinder to improve the structural efficiency. Lastly, different core materials are studied and an ANOVA design is introduced to determine the optimum frame space and core thickness. The following conclusions are made:
For sandwich cylinder without any stiffeners, the buckling constraint is critical. The addition of frames can efficiently improve the structural stability. The 200FW foam is more efficient than honeycomb materials for the fuselage. In addition, the normal stress in the radial direction is different between the two kinds of core materials. For the frame stiffened sandwich cylinder, the core thickness has a larger influence on the final weight than the frame spacing. Increase of the fiber orientation in the axial direction is the most effective to increase the buckling load when the bending moment is dominant. It is not much precise to set the layer number and orientation at the same time for the optimization using the classical algorithm. The two-step optimization is a good choice to determine the thickness and the fiber orientation. The sandwich cylinder with core thickness of 5 mm and frame space of 0.5 m exhibit the minimum weight. Finally, one should note that the interface between the skin and the core is not modeled in this paper. If debonding between skins and the core is one of main issues of failure modes, a bonding layer should be added into the model.
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